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Organellar gene expression incorporates ribonucleases as indispensable participants. Here, we
explored the capacity of strand-speciﬁc RNA sequencing (RNA-Seq) as a tool to analyze chloroplast
ribonuclease functions using the 30?50 exoribonuclease polynucleotide phosphorylase (PNPase) as a
proof of concept. The role of PNPase in transcript 30 end maturation was easily monitored, and
additional targeted mRNAs were discovered. Moreover, a role in tRNA precursor degradation was
predicted and validated. These results, together with previously published data, suggest that RNA-
Seq represents a unique opportunity to decipher the roles of organellar ribonucleases and deepen
our understanding of chloroplast gene expression.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The decreasing cost and ready availability of high-throughput
cDNA sequencing (RNA-Seq) offers unprecedented opportunities
to characterize poorly understood genetic systems. For example,
although plastids have been known to contain their own genetic
material for more than a century (reviewed in Ref. [1]), plastid
gene expression mechanisms have mainly been elucidated through
a laborious gene-by-gene process. That this traditional scale of
analysis is insufﬁcient is made clear by experimental data which
suggest that most, if not all, of the chloroplast genome is tran-
scribed [2,3], and coupled to inefﬁcient transcription termination,
leads to a highly complex primary transcriptome that must be
extensively modiﬁed. Among RNA processing steps are the re-
moval of deleterious antisense RNA [4], generation of 50 and 30
ends, and intergenic cleavage of polycistronic units [5,6]. Each of
these activities depends on nucleus-encoded chloroplast-targeted
ribonucleases (RNases), of which only a few of the 17 predicted
or known have been studied in detail [7].
RNA blots have long been the method of choice to identify dif-
ferences in RNA accumulation patterns between wild-type (WT)
plants and those defective for RNases, followed by speciﬁc assaysof selected genes to map transcript ends, quantify transcript abun-
dance, and/or measure decay rates. Thus, the exhaustive analysis of
an organellar RNase mutant would necessitate dozens of RNA gel
blots and from a practical standpoint, a limited number of
follow-up assays [8]. Inevitably, this tends to favor characterization
of abundant transcripts, at the expense of information on
less-studied RNAs or genome regions. The simplicity of data gener-
ation using RNA-Seq is only one advantage over gene-by-gene or
microarray methods [9], and has been proposed as an essential
modern-day tool to unravel organellar RNA metabolism [10].
Previously, strand-speciﬁc RNA-Seq was used to compare the
Arabidopsis thaliana chloroplast transcriptomes for plastid non-
coding RNAs (pncRNAs) WT and pnp1-1, which is a null mutant
of the chloroplast-targeted 30?50 exoribonuclease polynucleotide
phosphorylase (PNPase; [11]). It has been established that plants
deﬁcient for PNPase often accumulate longer mRNAs and rRNAs
than the WT due to 30 extensions, and that many pncRNAs are of
different lengths [11–13]. Additionally, PNPase is involved in
RNA degradation, as deﬁcient plants overaccumulate tRNAs,
pncRNAs and excised introns [11–13]. Overall, this demonstrates
that PNPase is a major player in chloroplast RNA metabolism,
making this mutant an ideal candidate to validate RNA-Seq as
a tool to decipher organellar RNase functions. Here we demon-
strate that the role of PNPase in 30 end maturation can be easily
identiﬁed using RNA-Seq of total, rRNA-depleted cellular RNA,
including the accurate prediction of previously undocumented
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the degradation of tRNA leader sequences. Taken together, our
results suggest that RNA-Seq has the potential for deciphering
functions of uncharacterized organellar RNases.
2. Materials and methods
2.1. RNA-Seq data extraction
Strand-speciﬁc RNA-Seq reads from [13] were aligned to the
Arabidopsis chloroplast genome using Bowtie with perfect matches
[14]. Following alignment, the coverage of each genomic position
by the mapped reads on the forward and reverse strand, respec-
tively, was calculated based on the mpileup ﬁles generated by
SAMtools [15].
2.2. RNA analysis
Total WT and pnp1-1 RNA was prepared with TRIzol reagent
(Invitrogen), digested with DNase I (Promega), separated in 1.2%
agarose/formaldehyde gels and then transferred to Hybond-N+
membrane (GE Healthcare). Single-stranded RNA probes were used
for hybridizations. The probe templates were PCR-ampliﬁed with a
30 primer containing a T7 promoter, and subsequently used to ini-
tiate in vitro transcription with T7 RNA polymerase (Promega) and
a-32P-UTP, according to [13].
For circular reverse transcriptase PCR (cRT-PCR), 2 lg of RNA
were treated with 5 units of tobacco acid pyrophosphatase (TAP)
for 1 h at 37 C. Following phenol/chloroform extraction and etha-
nol precipitation, RNA was ligated according to [11]. The list of
primers used is in Supplemental Table 1.1E+0 
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Fig. 1. RNA-Seq identiﬁes transcription initiation sites. The transcription proﬁle for four
was plotted using a logarithmic scale for twoWT (blue) and two pnp1-1 (green) samples. T
seq data is indicated by a vertical dashed line.3. Results and discussion
3.1. Visualization of transcription initiation
Strand-speciﬁc reads were aligned to the Arabidopsis chloro-
plast genome (see Section 2), and the number of sequencing hits
(representing the depth of coverage) was plotted using a logarith-
mic scale to single nucleotide (nt) resolution. Transcription initia-
tion at many known promoters was evident as a rapid rise in the
number of reads at the previously mapped position (Fig. 1). For
example, RNA-Seq mapped the rbcL transcription initiation site to
nt 54780, one and two nucleotides downstream, respectively, of
the positions previously determined by primer extension [16,17].
Furthermore, a previously unknown psbE promoter was mapped
to nt 64447, an assignment validated by primer extension [18]
while our work was in progress. Although our method gives infor-
mation similar to a differential RNA-Seq technique designed to de-
tect primary transcripts [3], it is less sensitive in regions with
multiple sites of transcription initiation.
3.2. The role of PNPase in RNA 30 end formation can be predicted by
RNA-Seq
Null mutants of PNPase have an obvious defect in 23S rRNA
maturation, where the WT fragment of 1.1 kb is shifted closer to
1.3 kb due to a failure to fully process the 30 end. When this
segment of the 23S rRNA was viewed using RNA-Seq, the data
revealed similar depth of coverage for the WT and pnp1-1,
however, increased reads for pnp1-1were observed between geno-
mic positions 107471 and 107597 (Fig. 2). This 126 nt interval cor-
relates well with the size increase seen by agarose gel1E+1 
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Fig. 2. RNA-Seq reﬂects the role of PNPase in 23S rRNA maturation. A representative ethidium bromide-stained gel for WT and pnp1-1 total RNA is shown on the right. The
1.1 kb 23S rRNA fragment that is altered in the mutant is marked. The RNA-Seq proﬁle for the 23S rRNA in WT (blue) and pnp1-1 (green) is displayed as described for Fig. 1.
Tick marks are every 100 nt. The zone of divergence between the WT and pnp1-1 traces is designated by vertical dashed lines.
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analogy, we reasoned that other differences in RNA length caused
by PNPase deﬁciency should be reﬂected in the RNA-Seq dataset by
a different number of reads between the WT and pnp1-1.
The ﬁrst study of chloroplast PNPase deﬁciency described 30
extensions for the rbcL and psbA mRNAs [12]. Indeed, probes
hybridizing downstream of the normal rbcL 30 end yield positive
RNA gel blot signals only for PNPase-deﬁcient plants ([11,12];
Fig. 3A). Analysis of RNA-Seq data for the rbcL coding region and
30 UTR from WT and pnp1-1 shows that the read numbers are sim-
ilar throughout the transcriptional unit but diverge soon after the
stop codon, 10 nt downstream of a conserved inverted repeat that
can form a stem-loop structure (Fig. 3B; [19]). This is consistent
with the fact that PNPase is stalled by such secondary structures
[20], as ﬁnal processing towards the base of the stem loop is per-
formed by the 30?50 exoribonuclease RNase II [21]. Similarly,
RNA-Seq conﬁrmed that the larger sizes reported for atpB/E, psbC
and psbZ transcripts in pnp1-1 [11,22] are due to 30 extensions
(Fig. S1).
Analysis of the remaining chloroplast genic regions suggested
that 10 additional PNPase substrates had not been previously iden-
tiﬁed. One was ndhJ, where RNA-Seq coverage is similar between
pnp1-1 and WT, with the striking exception of the 30 UTR
(Fig. 3C). This predicted extension was conﬁrmed by RNA gel blots
showing a longer transcript in pnp1-1, with the 30-most probe
hybridizing to transcripts only in the pnp1-1 sample. Additionally,
psaJ, rps18, petA, psaC, ndhD, petD, ycf5, ycf1-1 and ndhB were pre-
dicted to contain 30 extensions in pnp1-1, some of which were con-
ﬁrmed by RNA gel blot (Figs. S2 and 4B; gel blot results for rps18
and ndhB were published elsewhere [23].
Finally, several transcripts not showing any obvious differences
between WT and pnp1-1 RNA-Seq datasets were analyzed by RNA
gel blots (Fig. S3). Contrary to the indications of the RNA-Seq pro-
ﬁles, RNA gel blots revealed longer transcripts in pnp1-1 plants, as
shown here for psbK-psbI, rpl36, ndhC and previously for psbD [11].
A possible explanation is that these transcripts belong to polycis-
tronic units with multiple overlapping products, which points to
a limitation of RNA-Seq-based analysis. According to the dominant
mechanism for protein-assisted mRNA 30 end generation in chloro-
plasts [24,25], 30 and 50 termini of adjacent transcripts generated
by intercistronic processing are expected to overlap. In this case,
a difference in 30 end reads between WT and a mutant could easily
be masked by overlapping 50 end reads of a downstream transcript
whose ends did not differ between the WT and pnp1-1, whichwould be possible for ndhC, psbK, psbD and psbC. In contrast, this
reasoning would not pertain to transcripts that are monocistronic
or located at the end of a transcriptional unit, which should facili-
tate direct monitoring by RNA-Seq. Indeed, most of the genes cor-
rectly identiﬁed here in silico as inﬂuenced by PNPase fall either
into the monocistronic (rbcL; Fig. 3A) or terminal (ndhJ, atpE, petA,
ndhB, petD; Figs. 3C and S2) categories.
3.3. RNA-Seq predicts a role for PNPase in tRNA 5’ leader sequence
degradation
It was previously proposed that PNPase is involved in tRNA deg-
radation, as mature tRNA accumulation was inversely correlated
with PNPase abundance [12]. During RNA-Seq library preparation,
a 100 nt cut-off column was used resulting in low coverage of
70–80 nt mature tRNAs, making it problematic to revisit this
observation. Upstream of the mature tRNAs, however, sequences
were often highly overrepresented in pnp1-1 as compared to the
WT (Figs. 4A and S4). This indicated that the tRNA 50 extensions
speciﬁcally accumulate in pnp1-1, which was veriﬁed by RNA gel
blot using probes targeted to these upstream regions. For example,
the trnF upstream probe yielded a strong signal only in pnp1-1
(Fig. 4A). Presumably these two bands represent precursors that
have been processed by RNase P as it created the mature tRNA 50
terminus. If the tRNA coding sequence were still attached, we
would have expected to see the longer fragments hybridize with
the coding region probe, and also sequence coverage for the tRNA
coding region should have been much higher in pnp1-1, since those
longer transcripts would have been retained during library
preparation.
To test whether the 50 ends of these bands represent tRNA
promoter(s) or processing products of transcripts initiated further
upstream, we performed cRT-PCR on RNA with or without prior
TAP treatment. Most TAP-dependent trnF 50 ends, which represent
sites of transcription initiation, mapped around positions 47700
and 47755, where there is a corresponding rapid increase in the
number of RNA-Seq reads (Fig. 4A). In contrast, the ends mapping
around nucleotide 47830 are not TAP-dependent and are probably
processed. Moreover, as one of the primers used for cRT-PCR was in
the tRNA coding region, we can conclude that the upstream se-
quences very likely form part of a tRNA precursor, although we
cannot exclude that some proportion terminates prior to the tRNA
moiety. Results obtained with trnS.3 and trnN also show that the
upstream sequences detected in pnp1-1 include 50 ends that can
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Fig. 3. RNA-Seq predicts the role of PNPase in mRNA 30 end formation. The transcription proﬁles for rbcL (A and B) and ndhJ (C) transcripts are shown as described for Fig. 1,
with tick marks every 100 nt in panels A and C, and every 5 nt in panel B. Relevant RNA gel blots are shown at the right. Strand-speciﬁc probes located either in the coding
region or UTR were used. In panel B, black arrows indicate the conserved stem-loop structure. Position 56422, whereWT and pnp1-1 proﬁles begin to diverge, is indicated by a
black arrowhead. The locations of probes used for RNA gel blots are indicated by horizontal black lines.
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quences were also detected (Fig. S4B). Taken together, we conclude
that retention of tRNA 50 upstream segments is a general, although
not necessarily universal, outcome of PNPase deﬁciency.
If the 30 extensions identiﬁed in RNAs (Figs. 2 and 3) can be eas-
ily explained by the missing 30?50 exonuclease activity of PNPase,
the presence of tRNA 50 extensions was less predictable, given that
the initial study of chloroplast PNPase deﬁciency concluded that 30
termini resulting from RNase P cleavages were not substrates for
PNPase [12]. In Arabidopsis chloroplasts, RNase P activity is con-
ferred by proteinaceous RNase P (PRORP1; [26]), whose down-reg-
ulation is associated with the appearance of chloroplast tRNAsfused to 50 extensions [27]. These would be the expected precur-
sors of the upstream fragments that accumulate in pnp1-1, and
are normally degraded by PNPase in the WT. This further suggests
that for some reason, these 50 fragments are poor substrates for
RNase II or the 50?30 exoribonuclease RNase J, both of which are
known or suspected to shorten numerous RNA processing interme-
diates in chloroplasts [21,24].
Walter et al.’s [12] conclusion that PNPase does not degrade
RNase P products was based in part on analysis of trnfM, which
is located at the 30 end of the psaA gene cluster. In this case, the
30 end of rps14, which lies immediately upstream of trnfM and
therefore may be generated by RNase P cleavage, was unaltered
B. Castandet et al. / FEBS Letters 587 (2013) 3096–3101 3101in a PNPase-deﬁcient background. To examine an analogous situa-
tion, we chose trnL.2, which is located approximately 600 nt down-
stream of ndhB (Fig. 4B), a location where RNase P cleavage of
trnL.2 could generate the ndhB 30 end. For ndhB, we found that
PNPase deﬁciency led to a 30 extension, predicted by RNA-Seq
and conﬁrmed by gel blot in our previous work [23]. Contrary to
what was observed for other tRNAs, however, a probe for mature
trnL.2 revealed a small and equivalent amount of a probable pre-
cursor in the WT and pnp1-1 (marked with a black arrowhead).
Hybridization with probe 1 conﬁrmed that the band indeed in-
cludes upstream sequences, but the pnp1-1 precursor is also long-
er, suggesting a short 30 extension. Because the precursor does not
hybridize with probes further upstream, it may be derived from a
trnL.2-speciﬁc promoter, and matured by PNPase prior to RNase Z
cleavage at the tRNA 30 end. Probe 1 identiﬁes additional species,
however, which are pnp1-1-speciﬁc, including what may be a sec-
ond band of the same size as the tRNA precursor. Whether any of
these species represent RNase P cleavage products is ambiguous
at this stage. In fact, because the ndhB 30 UTR is extended in
pnp1-1, we cannot exclude that some fraction of the tRNA precur-
sors overlap with the 30 UTR of ndhB. Overall, these results indicate
that there are at least two different pathways for the maturation of
tRNA precursors in chloroplasts.
4. Conclusion
RNA-Seq has been used to catalog chloroplast transcription ini-
tiation sites [3], pncRNAs [13,28], discover and quantify RNA edit-
ing sites [23], and explore the protective action of RNA-binding
proteins against RNases [29,30]. Here, despite some limitations,
we demonstrate its potential for globally characterizing the func-
tions of RNases, which will be particularly valuable where the
RNase substrates are unknown or are expected to be numerous.
Together, this growing body of results emphasizes the opportunity
that RNA-Seq represents to deepen our understanding of organel-
lar RNA metabolism.
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